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Abstract

In this work, a modified, lumped element graphene field effect device model is presented. The model is
based on the “Top-of-the-barrier” approach which is usually valid only for ballistic graphene
nanotransistors. Proper modifications are introduced to extend the model's validity so that it accurately
describes both ballistic and diffusive graphene devices. The model is compared to data already presented
in the literature. It is shown that a good agreement is obtained for both nano-sized and large area
graphene based channels. Accurate prediction of Drain current and transconductance for both cases is
obtained.

1. Introduction

Graphene's electronic band structure has been the subject of theoretical investigation more than 60
years ago [1-4]. However, the isolation of graphene in 2004 [5] allowed measuring its properties and
verified the expected high electron mobility and reduced scattering [6]. Quantum models [4],[7] were
readily accessible to the theoretical modeling of these properties at the time. These were also used for
the treatment of Graphene Nanoribbon (GNR) devices [8-10]. GNRs are graphene stripes with a width in
the nanometer scale. In field effect transistors based on such systems (GNRFETs), the drain current has
been computed in the ballistic limit through Tight Binding (TB) models, solved using Non-Equilibrium
Green’s Functions (NEGF) formalism [11-13] or the scattering matrix approach [14], [15]. However, the
severe computational load of such models — which scales with the dimensions of the device — limited
their applicability to graphene device modeling. On the other hand, “Top-of-the-barrier” semiclassical
models [16] have been applied to GNRFET for ballistic [11],[17] and tunneling/thermionic [18] carrier
transport, bypassing the computational load limit. Unfortunately, the latter are valid only for short-
channel devices which limits their use.



Most experiments on graphene conductivity properties were based on Graphene FET (GFET) devices
with gate length ranging from hundreds of nm to several microns. Graphene of those dimensions is
called large-area graphene because such systems are characterized by carrier diffusion [19],[20] rather
than ballistic transport. Semiclassical models that are applied to GFET structures followed different
approaches such as drift-diffusion semi-analytical models [21-24], the virtual-source semi-empirical
model [25] and analytical models for both GFET [26] and GNRFET [27],[28]. The first two model types
were validated using DC measurements of GFETs of different dimensions, but they failed to correctly
predict the behavior of a ballistic GNR FET device. The last family instead has not been experimentally
validated to our knowledge.

In this work a model that can correctly predict both ballistic as well as diffusive transport and thus
describe all graphene field effect devices is presented and validated. It is based upon the “Top-of-the-
barrier” model for ballistic graphene nanotransistors [16], [17], which is extended to correctly predict
the behavior of long-channel diffusive graphene FETs. Section 2 presents the “Top-of-the-barrier” model
and details the modifications necessary to extend its validity to large-area graphene. Section 3 presents
model validation comparing modeling and experimental results for two FET devices selected from
literature.

2. Theoretical model
“Top-of-the-barrier” models [16], [17] have been successfully used to model ballistic GFET's. The
structure of a typical GNR FET is shown in Fig 1. According to this approach, the drain current is given by:

Ia =1, — 1, (1)

where the I, and |, correspond to electron and hole current respectively. A similar convention for all
variables is followed throughout this work. In a ballistic nanotransistor, mobile carriers are injected
directly from the contacts to the channel without undergoing an energy relaxation process into the
channel's statistics [29]. The net current is given by the difference of the injected electron and hole
currents. The electron current is given by the Landauer equation of conduction [29], [30]:
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the two contacts. As already described, for ballistic transport, injected carriers are described by the

dispersion relation of the channel material. In the case of a GNR, this is obtained as described in [17].

where is the carrier velocity, D(E) is the density of states and fs and f, are the Fermi functions for

Fermi potential of their respective contact. The velocity of carriers , is calculated by the carrier



The hole current is computed in a similar fashion. Differentiating the dispersion relation and averaging
over all available subbands and k-space yields the band velocity:
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where k is the wavenumber, e, (k) is the energy of the n-th sub-band of the material and N is the number
of unit cells. In [16] the carrier velocity is expressed as function of energy; carriers are injected at the top
of the barrier where their velocity is at their lowest and cannot accelerate along the channel. This
underestimates their overall velocity in the Top of the barrier model. The use of an averaged value of vy
as in Eq. (3) is then a more convenient choice for both accuracy and simplicity. The density of states D is
analytically derived from the bandstructure [31]. To account for impurities and for the gate metal work
function, the neutrality point is shifted by the Dirac Voltage not shown here. The Dirac voltage is a free
parameter in the model [16]. Assuming the source contact potential is set as the reference, the drain
potential is given by -qVys, where q is the electron charge and V; is the drain-source voltage difference.
For this case, the expressions of the Fermi Dirac statistic fs for the source and f;, for the drain become:

. . i i 4
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where fi; is the Fermi-Dirac statistics equation.

To take into account the electrostatics of the problem, all the previous quantities are shifted in energy by
the electrostatic potential U. This latter is the sum of two terms [30], the charge-less potential U, and the
mobile charge potential Up. The expression of the total potential U is thus:

U=U,+Up. (5)

The electrostatic part is computed using a lumped element model. A capacitor network consisting of a
gate capacitance Cg, a source Cs and drain Cp capacitance [16], [30] are taken into account. For simplicity
it is assumed that Cs=Cp. The source and drain capacitance is a fit parameter [16]. Taking into account
that Vs=0, the expression of the Laplace potential U  becomes:

U = —¢ (CG Ve +Cp VD) : (6)

U, is calculated using the linearized Poisson equation, where the potential is proportional to the charge
unbalance in the channel [29]. For ambipolar graphene it is:
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where C; is the sum of the three capacitors described above, N and Ny are the number of mobile and
fixed electrons in the channel respectively [30], P and Py are the number of holes. The inter-dependence
between potential and charge concentration is solved self-consistently. As described in [16], the mobile
charge concentration is computed taking the average of the two Fermi statistics that correspond to the
contacts as these are described by eq.(4).
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Fig 2(a) depicts the channel under the injection of carriers from the source and the drain contact, the
corresponding pseudo-Fermi levels are labeled “S” and “D” respectively. The source injects carriers — in
this case holes — which are described by its pseudo-Fermi potential and move to the right; similarly, the
drain injects carriers moving to the left.

Equations (5), (7) and (8) are iteratively computed. Finally equations (3) and (4) are used to compute the
current for a given bias taking into account equations (2) and (1).

The model described so far, is unable to correctly account for carrier scattering. Thus it breaks down for
large channel length where diffusion transport becomes dominant. In order to extend the validity of this
model to large-area GFET, we propose the following modification.

Assuming the distribution of scatterers is uniform across the channel, the transmission probability T of
ballistic carriers scales inversely with gate length [29]. When the gate length is small compared to the
mean free path, i.e. T~1, carriers that originate from the source contact are all described by the source
pseudo-Fermi potential. Respectively those that originate from the drain are all described from the drain
pseudo-Fermi potential. As the gate length increases, the value of T declines towards 0. The
phenomenon is better understood looking into the carriers that move in the channel. The portion of
carriers that ballistically traverse the channel decrease in number, while it is assumed that those that are
scattered regain the thermodynamic equilibrium. In this work the elastic and inelastic scattering
processes are considered to be intimately related, avoiding any effort to conceptually divide those two
processes. Each elastic scattering event is considered to be followed by thermalization, which is thought
as inevitably present as assumed in [29]. Hence carriers that have scattered should be described by the
channel Fermi level.

Fig 2(b) shows a simplified case in which the charge scattering process breaks the drain flux in two parts:
a fraction T that is transmitted and a fraction (1-T) that is scattered. To restore the apparent reduction of
carriers introduced into the ballistic model by using the T factor, a modified, effective pseudo-Fermi
potential ¢ is defined. As described in [29], ¢ is the weighted average of the contact pseudo-Fermi and
the channel Fermi level. The weight factor is merely the transmission probability T. This way, all carriers



originating from the drain contact are described by the effective level @. A parameter A related to the
mean free path is introduced to describe the transmission factor T. The relation between T and the
length coordinate x [29] is given by:

A
T=
A

(9)

In order to obtain a value for ¢ that can be used in a lumped model the average of T over the entire
length of the channel is used:
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The level @ depends linearly from the parameter A, and scales inversely with the gate length.

This modification to the “Top-of-the-barrier” models allows simulating GFETs with gate lengths larger
than the mean fee path. In the case of short channel compared to the mean free path, this model
reduces to the “top of the barrier” representation.

3. Model Validation

The proposed model is validated against two devices presented in the literature. A narrow channel
graphene nanoribbon transistor described in [12] and a large area wide channel graphene FET described
in [21]. The two devices are shortly presented in Table 1.

Table 1. Structurc_dimensions

FET1 FET2
L 15 nm 3000 nm
W | 1.35 nm 2100 nm
T o 1 nm 15 nm
€r 3.9 16
Vo / 245 V
Vs / A0V

The first device simulated is a GNR nanotransistor [12] with gate length L=15 nm, based upon a
semiconducting nanoribbon. For clarity, the device cross section is sketched in Fig.1. The parameters
used by the model are calculated using the procedure described in Section 2. The optimum results are
obtained for a A value of 21 nm. The current flowing through the device for two distinct drain voltages is
depicted in Fig 3.



The quality of the agreement to the simulated currents from [12] is excellent for the low drain bias curve,
while it’s sub-optimum for the high drain bias one. The cause of this discrepancy is that for ballistic
devices the act of referring the source contact to the 0 eV potential throughout the transistor’s dynamic
range is a condition too strong. After [16], the solution to this issue is to empirically identify a reference
potential for each bias point. This procedure has not been endorsed by the authors of this work, in order
to contain the model complexity at the expense of its accuracy. Moreover, the limited presence of
scattering in the simulation of this ballistic transistor has been proven to be not a concern to the model
accuracy. Finally, table 2 shows an excellent agreement of simulated g,, with that presented in [12].

TABLE 11
SIMULATED TRANSCONDUCTANCE g, FOR FET

s | [12] This model

0.1V | 36mSpum—1  3.55 mSpum—1
05V | 48 mSum~'  4.81 mSpum™!

The second device is a large-area graphene FET [21] with gate length L=3 um and width W=2.1 um (see
Table 1). The structure of the FET (shown in Figure 4) is slightly more complex because of the back-gate
electrode. This can be taken into account by adding a backgate capacitance term in equation (7) which
thus becomes:

UL = —(q (CBVb + Cgvg + CDVd) . (11)

where V, is the potential of the back-gate electrode and V, is the potential of the top-gate electrode.
The values of the capacitors Cs and C; have been computed using a finite elements simulator. The use of
large-area graphene also implies the use of the related density of states equation, as reported in [32].

The parameters for the large-area graphene case remain the same compared to the GNR model, only the
procedure to extract them is different. First, the Dirac voltage is empirically found by matching the
position of the minimum conductivity point in the 14(Vy) transfer characteristic. According to the
discussion in reference [21], the gate voltage — which corresponds to minimum conduction —is Vg=2.38V
thus the computed Dirac voltage has a value of Vp;,=0.213 V.

The A parameter is calculated using the I4(Vy) for low Vps. In effect, the A parameter will have a
pronounced effect on the onset of the saturation effects in the 145(Vg) curve. In this case the calculated
optimum A=380nm which is consistent with the value found in literature [32].

Finally, the value of the average carrier velocity is found empirically by matching the magnitude of the

(%) ; . . s .
=3.25e4 ms™. A direct comparison with literature is not
possible, since drift-diffusion models use a saturation model, where the drift velocity is an empirical

current. The best match was obtained at

function of the longitudinal electric field [34]. The value of carrier velocity used in this model is however
consistent with the drift velocity that may be computed in the literature for similar structures [21], [23].



The output current 14(Vyy) is plotted in Fig.5. The points correspond to DC current measurement taken
from ref [21], whereas the family of solid lines is the predicted values using this model. It should be
pointed out that although the model is based on a lumped element approach, unlike models described
in ref [21],[23] and [24], it is able to correctly predict the presence of saturation effects in the current —
voltage characteristics of the device. To our knowledge the only lumped element model presented so far
with ability to predict the saturation and second linear characteristics of GFET's was based on different
equations for each region. Finally, Table3 presents the peak measured and simulated g, for two different
gate biases. The agreement is not excellent but this could be attributed to the g, calculation method
used in [21] to remove the effect of the contact on the device behavior.

TABLE III
PEAK TRANSCONDUCTANCE g,;, FOR FET2

Vs [21] This model
-1.5V 211 pS 180 1S
2.9V 205 1S 186 1S

In summary, the described model uses four parameters to fit the experimental results. Those are
presented in Table 4, for the two simulated devices, with the exception of the velocity of FET1 which is
analytically derived using (3).

TABLE IV
FREE PARAMETERS FOR FET1 AND FET2

Name FET1 FET2
T Eq. (3) 3.25 x 10* ms—1
1’,1')51-“.(' —()()62 \Y% ()‘EIB V
(@ 4.41 < 10— 29F 6G.12 x 10 17F
A 21 nm 380 nm

4. Conclusions

A simple modification to the “top of the barrier” model that enables accurate simulation of a broad
range of graphene based transistors was presented. The model retains the simplicity of a lumped
element approach and is able to correctly describe the I-V characteristics of both ballistic and diffusive
devices. Furthermore, it is able to correctly predict the behavior of both large-area as well as graphene
nanoribbon based field effect devices. Finally the presented model achieves a new level of generic
graphene device modeling with a simplicity that makes it easier to use compared to complex detailed
models based on NEGF or Tight Binding thus it is a favorable solution for use in graphene enabled circuit
simulation tools.
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Fig. 1. (a) The cross-section of a graphene FET. Graphene is the
black thick dotted line under contacts and gate oxide. (b) The lumped
element model for the electrostatic part of the problem.
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Figure 2. (a) Injection of carriers into the channel. The double cone is the
density of states of large-area graphene, while “17 and "2" respectively are
the pseudo-Fermi levels of source and drain contacts. The black dashed line
between the two injected fluxes represents the population of carriers. according
to the two contacts. (b) Same context of before but including an isolated
scatterer (the big white cross). A fraction (1 —7T) of the drain flux, going
upwards with dashed contour, is scattered and reaches thermal equilibrium.
The black dashed line represents the population of carriers, according to the
effective psendo-Fermi levels of contacts.
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Fig. 3. Transfer Characteristic in linear scale for this model compared
to NEGF from [12].
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Fig. 4. (a) The cross-section of the large-area graphene FET of
ref [20]. Graphene is the black thick dotted line under contacts and
top-gate oxide. A global back-gate electrode is shown under the

back-gate oxide. (b) The lumped element model that accounts for
the electrostatics of a large-area double-gate device.
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Figure 5. Simulated I4(Viq) characteristic for FET2 (solid lines) for Gate
voltages from Vgs—iop = OV to —3V compared to the experimental values
(markers only) of the current.
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